Occludin plays an important role in maintaining tight junction barrier function in many types of epithelia. We previously reported that activation of transient receptor potential vanilloid subtype 1 (TRPV1) in rabbit submandibular gland promoted salivary secretion, partly by an increase in paracellular permeability. We have now explored the role of occludin in TRPV1-modulated paracellular permeability in a rat submandibular gland cell line SMG-C6. Both TRPV1 and occludin were expressed in SMG-C6 cells, and capsaicin induced redistribution of occludin, but not claudin-3, claudin-4 or E-cadherin, from the cell membrane into the cytoplasm. Capsaicin also decreased transepithelial electrical resistance (TER) and increased the Trypan Blue and FITC-dextran flux. Capsazepine (CPZ), a TRPV1 antagonist, inhibited the capsaicin-induced occludin redistribution and TER decrease. Moreover, occludin knockdown by shRNA suppressed, whereas occludin re-expression restored, the TER response to capsaicin. Mechanistically, TRPV1 activation increased ERK1/2 and MLC2 phosphorylation. PD98059, an ERK1/2 kinase inhibitor, abolished the capsaicin-induced MLC2 phosphorylation, whereas ML-7, an MLC2 kinase inhibitor, did not affect ERK1/2 phosphorylation, suggesting that ERK1/2 is the upstream signaling molecule of MLC2. Capsaicin also induced F-actin reorganization, which was abolished by CPZ, PD98059 and ML-7, indicating that TRPV1 activation altered F-actin organization in an ERK1/2-and MLC2-dependent manner. Furthermore, either PD98059 or ML-7 could abolish the capsaicin-induced TER response and occludin redistribution, whereas knockdown of ERK1/2 further confirmed that the TRPV1-modulated paracellular permeability was ERK1/2 dependent. Taken together, these results identified a crucial role of occludin in submandibular epithelial cells, and more importantly, demonstrated that occludin was required to mediate TRPV1-modulated paracellular permeability.
Introduction
Tight junctions are cell-cell interactions that form a primary barrier to the diffusion of materials through the paracellular route. As a complex, tight junctions are composed of transmembrane proteins, such as occludin and claudin family members, together with intracellular scaffold proteins such as zonula occludens-1 (ZO-1) (Tsukita et al., 2001) . Occludin was the first identified transmembrane protein of tight junctions, and it has received much attention since its molecular characterization (Furuse et al., 1993; Balda et al., 1996; McCarthy et al., 1996; Balda et al., 2000) . Occludin is found to be expressed in almost all epithelial tight junction structures, acting as an invariant component. Although subsequent studies showed that occludin may not be necessary in the formation of tight junctions, it is still indispensable in the regulation of paracellular barrier function (Saitou et al., 1998; Saitou et al., 2000) .
Saliva secretion across the salivary epithelium can be accomplished by either the transcellular or paracellular route (Kawedia et al., 2007) . It has been reported that, in addition to the aquaporin-5-mediated transcellular transport, the salivation induced by agonists such as carbachol and isoproterenol also involves increased paracellular permeability (Segawa, 1994; Murakami et al., 2001; Hashimoto and Murakami, 2009 ). To date, occludin has been found in human, rat and mouse major salivary glands (Peppi and Ghabriel, 2004; Kawedia et al., 2007; Lourenço et al., 2007) . In murine submandibular gland (SMG) carcinoma cells, the expression of an N-terminally truncated occludin construct causes a decrease in transepithelial electrical resistance (TER) as well as an increase in paracellular permeability (Bamforth et al., 1999) . The expression and distribution of occludin, as well as other tight junction components are altered in the labial salivary gland of Sjőgren's syndrome patients, suggesting that occludin can be a target for pathological factors and therefore be involved in the pathogenesis of salivary dysfunction (Ewert et al., 2010) . However, the exact role of occludin in regulation of saliva secretion remains unclear.
Transient receptor potential vanilloid subtype 1 (TRPV1) is a ligand-gated nonselective cation channel that can be activated by heat, low pH, and by capsaicin, the main pungent ingredient in chilli peppers (Caterina et al., 1997) . TRPV1 was originally found to be expressed in neural cells. However, it has been shown that a functional TRPV1 is expressed in various tissues and cells, including bladder and bronchial epithelial cells, keratinocytes and pancreatic islet b cells (Veronesi et al., 1999; Birder et al., 2001; Inoue et al., 2002; Akiba et al., 2004) . Activation of the peripheral TRPV1 mediates Ca 2+ entry and increases cytosolic Ca 2+ concentration, thereby eliciting diverse physiological functions other than nociceptive transduction. We previously demonstrated that TRPV1 is expressed in both human and rabbit SMG cells, and TRPV1 activation by capsaicin induces saliva secretion (Zhang et al., 2006; Ding et al., 2010) . We also found that capsaicin increases paracellular permeability of rabbit SMGs (Cong et al., 2012) , suggesting that the salivation induced by capsaicin is, at least in part, by increasing paracellular transport. However, the involvement of occludin in TRPV1-modulated paracellular permeability was still undetermined.
Therefore, the present study was designed to explore the potential role of occludin in modulating paracellular permeability and relevant signaling pathways in salivary epithelium using SMG-C6 cells. Our results showed that both TRPV1 and occludin were expressed in SMG-C6 cells. Activation of TRPV1 induced redistribution of occludin, paralleling the increased paracellular permeability. These effects were accomplished through ERK1/2 and its underlying MLC2/F-actin signaling pathway. Furthermore, knockdown of occludin not only decreased TER values of SMG-C6 cells at basal levels, but also abolished TRPV1-induced decrease in TER values. Together, these results suggested a crucial role of occludin in the submandibular tight junction barrier. More importantly, occludin was required to mediate TRPV1-modulated paracellular transport, perhaps by the capsaicin-activated ERK1/2/MLC2 signaling pathway.
Results

TRPV1 and occludin are expressed in SMG-C6 cells
Expression of TRPV1 mRNA was detected at the expected size of 258 bp in SMG-C6 cells (Fig. 1A) , and further confirmed by sequencing. Rat dorsal root ganglion (DRG), reported to express TRPV1, was used as positive control. TRPV1 protein was observed with a molecular mass of ,95 kDa (Fig. 1A) . Immunofluorescence imaging showed that TRPV1 proteins were widely diffused in the cytoplasm with a stronger intensity at the cell boundary (Fig. 1B) . To further confirm the intracellular location of TRPV1, sequential images of the monolayer of cells at six different x-y planes from the apical surface to the basal region along the z-axis were taken using confocal microscopy. Consistently, TRPV1 protein was seen mainly in the cytoplasm and lateral membranes of SMG-C6 cells (Fig. 1C) . We also costained cells with two lateral membrane markers, E-cadherin and b-catenin, which are components of adherens junctions. Images from both horizontal and vertical planes showed that TRPV1 was colocalized with E-cadherin and b-catenin (Fig. 1D) . Moreover, 10 mmol/l capsaicin treatment for 10 min did not induce any change in the distribution of TRPV1, E-cadherin or b-catenin (Fig. 1D ). In accordance with the co-immunofluorescence results, immunoprecipitation assays identified that TRPV1 was coprecipitated with lateral membrane markers E-cadherin and bcatenin, but not with the apical tight junction component occludin (Fig. 1E) . Additionally, the interaction between TRPV1 with either E-cadherin or b-catenin was not influenced by capsaicin (Fig. 1E) , which indicated that neither TRPV1 nor adherens junction distribution was altered after capsaicin treatment.
Previous data showed that a series of tight junction proteins including zonula occludens-1 (ZO-1), occludin, claudin-1, 23, 24 and 25 exist in rat SMG tissue (Peppi and Ghabriel, 2004) . Thus, we examined these components in SMG-C6 cells and found that ZO-1, occludin, claudin-1, 23 and 24 mRNA were expressed, whereas claudin-2 and 25 mRNA were not detected (supplementary material Fig. S1A ). Occludin mRNA at the expected size of 482 bp, and the protein (65 kDa) were detected in SMG-C6 cells (Fig. 1F) . Occludin protein was continuously expressed in the cell membrane encircling the cells and delineating the cellular borders. Vertical x-z plane images further revealed that occludin was located in the most apical portion of cell membrane, whereas TRPV1 was expressed in the cytoplasm around the nucleus as well as the lateral membrane beneath occludin (Fig. 1G) .
Activation of TRPV1 induces redistribution of occludin
Previous studies showed that proper distribution of occludin in the cell membrane is required for its normal performance, and occludin internalization is closely associated with barrier disruption (Musch et al., 2006; Marchiando et al., 2010; Van Itallie et al., 2010) . After stimulation for 5 min with 10 mmol/l capsaicin, occludin staining appeared to be reduced and more fragmented in the cell-cell contacts, while more positive staining increased in cytoplasm, which indicated that occludin was redistributed from the membrane into the cytoplasm. The redistributed occludin was partly returned to the membrane after capsaicin treatment for 60 min ( Fig. 2A, upper panels) . By contrast, the distribution of claudin-3, another transmembrane tight junction component expressed in SMG-C6 cells, was not affected by capsaicin ( Fig. 2A, lower panels) . Moreover, we extracted the cytoplasm and membrane protein fractions as previously described (Kawedia et al., 2008) . Capsaicin induced a significant increase in occludin protein in the cytoplasm fraction within 60 min, together with a decrease in the membrane fraction. However, the claudin-3 content of both the cytoplasm or membrane fractions did not show any changes (Fig. 2B) . These results were consistent with the immunofluorescence images, which demonstrated that capsaicin selectively induced redistribution of occludin, but not claudin-3.
The double immunofluorescence staining of occludin and claudin-3 from both horizontal (x-y) and vertical (x-z) planes revealed that occludin and claudin-3 were co-localized in SMG-C6 cells (Fig. 3A, upper panel) . After exposure to 10 mmol/l capsaicin for 10 min, occludin was disrupted and redistributed whereas claudin-3 was unaffected. In x-z images occludin appeared to become more dispersed and was no longer colocalized with claudin-3 (Fig. 3A, middle panel) . The distribution of claudin-4, which forms a chloride-selective channel in other types of epithelia (Hou et al., 2010) , was also observed by double-staining with occludin. Similar to claudin-3, there was no change in claudin-4 distribution after capsaicin treatment (10 mmol/l for 10 min; Fig. 3A , lower panel), suggesting that both claudin-3 and claudin-4 might serve as invariant components in the tight junction complex, whereas occludin could be redistributed by capsaicin.
Previous studies reported that other cell-cell interaction components such as the adherens junction protein E-cadherin may also affect tight junction formation and regulate barrier function (Tunggal et al., 2005) . We thus investigated the effect of capsaicin on the distribution of occludin and E-cadherin simultaneously. Under unstimulated conditions, both occludin and E-cadherin were localized at the cell-cell contacts; however, x-z images clearly showed that E-cadherin was positioned directly below occludin (Fig. 3B ). As capsaicin (10 mmol/l for 10 min) induced a redistribution of occludin as described above, the location of E-cadherin was unaffected in either x-y or x-z images (Fig. 3B) . These results indicated that capsaicin selectively induced occludin redistribution, but not E-cadherin. Furthermore, pre-incubation for 30 min with 10 mmol/l capsazepine (CPZ), a TRPV1 antagonist, abolished the capsaicin-induced redistribution of occludin, whereas CPZ alone did not alter the membrane distribution of occludin (Fig. 3B) . DMSO was used as the vehicle control (data not shown). We further quantified the proportion of cells in which occludin had been redistributed in lower magnification images of at least 100 cells. Capsaicin (10 mmol/l for 10 min) induced breaks in staining greater than 4 mm in 42.366.81% of cells, a significant increase compared with 4.862.08% in unstimulated cells, 5.461.73% in CPZ+CAP-treated cells, and 4.762.31% in CPZ-treated cells. Together these data suggested that capsaicin selectively induced the redistribution of occludin, but not claudin-3 or E-cadherin, in SMG-C6 cells through activation of TRPV1. 
Activation of TRPV1 decreases TER and increases paracellular transport
To further evaluate the effect of TRPV1 activation on tight junction function, TER and paracellular permeability assays were performed as described previously Sáenz-Morales et al., 2009) . In SMG-C6 cells, the initial TER value was 516.2698.62 V . cm 2 , which was consistent with previous reports in the same cell line (Kawedia et al., 2008) and represented a relatively 'tight' epithelium according to the description of electrical characteristics (Anderson and Van Itallie, 2009 ). 1 mmol/l capsaicin did not induce any change to TER values within 60 min (Fig. 4A ), whereas at 5 mmol/l, only a small but significant decline in TER value appeared at 60 min ( Fig. 4B) . At 10 and 20 mmol/l, capsaicin evoked a rapid and prominent drop in TER values from 5 to 60 min (Fig. 4C,D) . Pretreatment with 10 mmol/l CPZ for 30 min abolished the 10 mmol/l capsaicin-induced TER decrease, while DMSO alone did not affect TER values (Fig. 4E ). Serving as a positive control, incubation of SMG-C6 cells in a Ca 2+ -free medium for 60 min caused a dramatic twofold decrease in TER values ( Fig. 4E ) due to its effects on tight junction disassembly and paracellular opening as previously reported.
It is well known that TRPV1 influences diverse activities through Ca 2+ signaling. Here, we showed that 10 mmol/l capsaicin increased the mean and median Fluo-3 fluorescence in the 30,000 harvested cells at 60 s by flow cytometry (Burchiel et al., 2000) , which indicated that capsaicin evoked an initial small peak of intracellular Ca 2+ ([Ca 2+ ] i Fig. S1B ).
In addition to TER measurements, the paracellular permeability is also routinely evaluated by non-charged tracers, which can pass through the monolayer only by the paracellular route. We used Trypan Blue and FITC-dextran as indicators, and calculated their flow rate as described previously (Sáenz-Morales et al., 2009; Rosenthal et al., 2010) . Capsaicin significantly elicited a brief and transient approximately twofold increase in Trypan Blue flux during a 5-10 min period (Fig. 4F ). The apparent permeability coefficients (P app ) for 4 kDa FITC-dextran were also greatly enhanced by capsaicin (Fig. 4G ). These flux studies provided more evidence that capsaicin increased paracellular permeability of SMG-C6 cells.
Depletion or re-expression of occludin alters the response of capsaicin-induced TER
To reveal the potential role of occludin in paracellular permeability of SMG-C6 cells, we designed specific shRNAs to knock down the expression of occludin and claudin-3 In contrast, the expression of claudin-3 in these two fractions was unaffected by capsaicin. Right: quantitative analysis of occludin and claudin-3 in cytoplasmic and membrane fractions. *P,0.05 and **P,0.01 compared with unstimulated cells.
( Fig. 5A ). Depletion of occludin significantly reduced the baseline TER value by 45.5% compared with scrambled control (P,0.01), whereas depletion of claudin-3 slightly decreased the basal TER value by 20.3% but was not statistically significant ( Fig. 5B) . We then evaluated the involvement of those occludin or claudin-3 knockdown cells, in the TRPV1-modulated paracellular permeability. Compared with the scrambled control cells, knockdown of occludin significantly reduced TER responses to treatment with 10 mmol/l capsaicin from 5-60 min (Fig. 5C ). By contrast, in claudin-3 knockdown cells, capsaicin still caused a prompt decline in TER values (Fig. 5D) .
To further confirm that the disappearance of the TER response to capsaicin was due to occludin depletion but not other influencing factors, we re-expressed occludin ('rescue') by transfecting occludin cDNA into occludin knockdown cells. Compared with control scrambled siRNA-treated cells, the protein expression of occludin was recovered to 68.2% and TER value was restored to 80.9% in occludin rescue cells (Fig. 5E,F) . Furthermore, the capsaicin-induced TER decrease re-appeared in occludin rescue cells (Fig. 5G ). Together these results suggested that occludin, rather than claudin-3, plays a crucial role in barrier function of SMG-C6 cells, and capsaicininduced increases in paracellular permeability are predominantly mediated through occludin.
Activation of TRPV1 increases ERK1/2 phosphorylation
We next explored the possible intracellular signaling pathway involved in the capsaicin-induced alteration of TER and occludin distribution. Extracellular signal-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated protein kinase (p38MAPK), and c-Jun Nterminal kinase (JNK) are major members of the MAPK family and have been suggested to play important roles in mediating tight-junction protein expression and function in different tissues and cells (González-Mariscal et al., 2008) . We found that the p-ERK1/2 level was significantly increased at 5 and 10 min, and returned to the basal level at 30 min after 10 mmol/l capsaicin treatment (Fig. 6A) . However, the levels of p-p38MAPK and p-JNK were not changed at these times (supplementary material Fig. S1C ). The total amounts of ERK1/2, p38MAPK and JNK did not change by capsaicin treatment. The results suggested that ERK1/2, but not p38MAPK or JNK, was the downstream signaling molecule selectively regulated by capsaicin. Capsaicin (10 mmol/l for 10 min) disrupted the occludin expression in the cell membrane (white arrows), whereas neither claudin-3 nor claudin-4 distribution was altered. X-z images show that occludin appeared more dispersed and was not colocalized with claudin-3 (white arrowheads). Each image is a representative of three separate experiments in duplicate. Scale bars for x-y and x-z images: 25 mm and 10 mm, respectively. (B) Coimmunofluorescence imaging of occludin (Ocln) and E-cadherin after capsaicin treatment with or without capsazepine (CPZ) pretreatment. Both occludin and E-cadherin localized at the cell-cell contacts in x-y images, and E-cadherin was positioned below occludin in x-z images. 10 mmol/l capsaicin caused an obvious internalization of occludin, but not Ecadherin. CPZ (10 mmol/l for 30 min) abolished the capsaicin-induced occludin redistribution. Each image is representative of three separate experiments in duplicate. X-y images are shown at two magnifications (scale bars: (100 mm and 40 mm); x-z images (scale bars: 20 mm).
Pretreatment with CPZ (10 mmol/l for 30 min) abolished capsaicin-induced ERK1/2 phosphorylation (Fig. 6B) , further indicating that capsaicin induced ERK1/2 activation through TRPV1.
Capsaicin increases MLC2 phosphorylation in an ERK1/2-dependent manner Myosin light chain 2 (MLC2) is a member of the regulatory light chain of myosin II, and plays a crucial role in regulating the distribution of tight junctions as well as the paracellular permeability in epithelial cells (Hecht et al., 1996; Shen et al., 2006) . We explored the effect of capsaicin on MLC2 phosphorylation and the relationship between ERK1/2 and MLC2 in SMG-C6 cells. Phosphorylation of MLC2 at Ser19 was significantly elevated at 5 min, peaked at 10 min, and returned to basal level at 30 min after capsaicin treatment (Fig. 6C) . Pre-incubation with ML-7 (20 mmol/l), an inhibitor of MLC2 upstream kinase, for 30 min did not affect the capsaicininduced ERK1/2 phosphorylation. However, pretreatment with PD98059 (20 mmol/l), an inhibitor of ERK1/2 upstream kinase, for 30 min abolished the capsaicin-induced MLC2 phosphorylation (Fig. 6D) . As shown in supplementary material Fig. S1D , the concentrations of PD98059 or ML-7 used in this study effectively inhibited their target kinases in SMG-C6 cells. These results indicated that MLC2 was downstream of ERK1/2 in SMG-C6 cells, and capsaicin activated MLC2 in an ERK1/2-dependent manner.
Activation of TRPV1 alters F-actin organization in an ERK1/ 2-and MLC2-dependent manner Since F-actin has a direct structural link with the tight-junction complex, any influence on F-actin organization could alter tight junction distribution as well as paracellular permeability (Bruewer et al., 2004; Peixoto and Collares-Buzato, 2005 ). Therefore, we examined the effect of capsaicin on F-actin organization. Under unstimulated condition, a high density of Factin was present at the peri-junctional regions with abundant stress fibers in the cytoplasm of SMG-C6 cells. However, F-actin architecture was disorganized after capsaicin (10 mmol/l) treatment for 5, 10 and 30 min. A significant decrease in the stress fibers and more F-actin at the cell periphery, together with an obvious increased space between adjacent F-actin filaments was seen at those time points, whereas it was partly recovered after capsaicin treatment for 60 min (Fig. 6E) . CPZ pretreatment (10 mmol/l for 30 min) abolished capsaicin-induced F-actin reorganization (Fig. 6E) . Co-staining of F-actin and E-cadherin further showed that capsaicin reorganized F-actin in particular while the distribution of E-cadherin was unaffected (Fig. 6F,  upper panel) . To further clarify whether this increased peripheral F-actin was at cell-cell junctions, co-staining of F-actin with occludin was performed. Results showed that the displacement of occludin occurred with an increased F-actin staining close to the occludin position, indicating that F-actin was assembled near the cell-junction region by capsaicin treatment (Fig. 6F, lower  panel) .
We also identified the effects of ERK1/2 and MLC2 on F-actin organization. Pretreatment with either PD98059 or ML-7 for 30 min abolished the capsaicin-induced F-actin reorganization, whereas PD98059 and ML-7 alone, as well as DMSO, had no effect on F-actin morphology (Fig. 6G, upper panel) . Coimmunofluorescence images of F-actin and E-cadherin showed that the disrupted stress fiber organization, as well as the junctional reorganization of F-actin was restored by PD98059 and ML-7 pretreatment (Fig. 6G, lower panel) . These results suggested that both ERK1/2 and MLC2 were required in TRPV1-modulated F-actin organization. Cytochalasin B (CytoB) or Ca 2+ -free medium were used as the positive control (Bengtsson et al., 1993; Nybom and Magnusson, 1996; Schaphorst et al., 2003) . CytoB (20 mmol/l for 30 min) induced a disruption of actin filaments, and incubation of SMG-C6 cells in a Ca 2+ -free medium for 60 min caused an obvious shrinkage of the filaments (Fig. 6G ).
ERK1/2/MLC2 signaling pathway is involved in TRPV1-mediated paracellular permeability and occludin redistribution
The involvement of the ERK1/2 and MLC2 pathway in capsaicin-induced paracellular permeability and occludin distribution was further investigated. Pretreatment with either PD98059 or ML-7 for 30 min abolished the capsaicin-induced decreases in TER (Fig. 7A,B) , and meanwhile, suppressed capsaicin-induced redistribution of occludin (Fig. 7C) , whereas PD98059 and ML-7 alone did not affect TER or occludin location. In addition, to demonstrate the crucial involvement of the cytoskeleton in capsaicin-induced occludin redistribution, we pretreated cells with either CytoB for 30 min or Ca 2+ -free medium for 60 min and found that occludin expression in the cell membrane was dramatically disrupted and simultaneously the staining in the cytoplasm was increased (Fig. 7C ). This suggested a crucial requirement of cytoskeleton organization for TRPV1-mediated occludin distribution. Quantification of the intensity of the occludin fluorescence in the cytosol showed that increased occludin in cytosol induced by capsaicin was significantly inhibited by either PD98059 or ML-7 pretreatment (Fig. 7D) . Moreover, the increased expression of occludin in the cytoplasm and the decreased expression of occludin in membrane, was blocked by pretreatment with PD98059 and ML-7 for 30 min, respectively (Fig. 7E) . These results again indicated that ERK1/2 and MLC2 signaling molecules are responsible for capsaicininduced increased paracellular permeability and occludin redistribution.
We also treated SMG-C6 cells with scrambled control or ERK1/2-specific siRNA. The expression of total ERK1/2 was markedly reduced and capsaicin-induced increased p-ERK1/2 and p-MLC2 disappeared (Fig. 8A ). More importantly, the decreases in both TER (Fig. 8B ) and occludin redistribution induced by capsaicin were significantly attenuated by ERK1/2 knockdown (Fig. 8C ), in parallel with the above results using ERK1/2 inhibitor, which again confirmed the importance of ERK1/2 in TRPV1-modulated paracellular permeability and occludin distribution.
Discussion
There are three major new findings presented by our study. First, we demonstrated that activation of TRPV1 increased paracellular permeability and altered occludin distribution in SMG-C6 cells. Second, by knockdown and re-expression, we revealed that occludin was a required component of tight junction barrier in SMG and played an important role in the capsaicin-induced increase in paracellular permeability. Third, ERK1/2 and the downstream signaling molecule MLC2 were responsible for the capsaicin-induced increase in paracellular permeability and occludin redistribution. These results provided new insights into the crucial role of occludin in forming a tight-junction barrier, and characterized a novel mechanism of TRPV1-modulated paracellular permeability in submandibular epithelium.
TRPV1 was originally found in the neural system, but more attention was recently focused on its non-neural expression and function (Inoue et al., 2002; Akiba et al., 2004; Saunders et al., 2007) . We previously demonstrated that a functional TRPV1 is expressed in human and rabbit SMGs, and capsaicin-induced salivation partially involves an increased paracellular transport in rabbit SMGs (Zhang et al., 2006; Ding et al., 2010; Cong et al., 2012) . However, the precise mechanism involved in TRPV1-modulated tight-junction barrier was still unknown. Because there is no appropriate cell line derived from either human or rabbit SMGs for further study on tight-junction structure and function, we chose the rat SMG-C6 cells to characterize the effect of TRPV1 on SMG epithelia. This cell line, originally established by Quissel et al., was reported to maintain a normal acinar function and have similar characteristics, including tight junction structure, as determined by electron microscopy (Quissell et al., 1997) . In the present study, we confirmed the expression of TRPV1 and occludin and characterized their distribution. We also identified a similar expression pattern for several other proteins including ZO-1, occludin and claudin-1, -3 and -4 in SMG-C6 cells in rat SMG tissue to those previously reported, except for claudin-5, which was particularly localized in endothelial cells of microvessels of SMG (Peppi and Ghabriel, 2004) . The similarities suggested that SMG-C6 could be a suitable cell model to study the effect of TRPV1 activation on tight-junction barriers of submandibular epithelia. Isoda et al. first reported that capsaicin increases paracellular permeability of intestinal Caco-2 cells via TRPV1 activation (Isoda et al., 2001) . Reiter et al. showed that activation of TRPV4, another member of the transient receptor potential (TRP) Pre-incubation with ML-7 (20 mmol/l) for 30 min had no effect on the capsaicin-induced ERK1/2 phosphorylation, whereas pretreatment with PD98059 (20 mmol/l) for 30 min abolished the MLC2 phosphorylation induced by capsaicin. (E) Immunofluorescence imaging of F-actin after capsaicin treatment for 5-60 min. Under unstimulated conditions, F-actin was mainly present at the peri-junctional regions with abundant stress fibers in the cytoplasm. However, the architecture of F-actin was disorganized, and a significant decrease in the stress fibers was observed after 10 mmol/l capsaicin treatment. Moreover, the capsaicin-induced F-actin disorganization was inhibited by pretreatment with CPZ. (F) Co-immunofluorescence imaging of F-actin with either E-cadherin or occludin. Upper panel: capsaicin (10 mmol/l for 10 min) reorganized F-actin, but the distribution of E-cadherin was not affected. Lower panel: capsaicin treatment resulted in the redistribution of both F-actin and occludin. (G) Both F-actin staining (upper panel) and F-actin/E-cadherin co-staining (lower panel) showed that pretreatment with either PD98059 or ML-7 abolished the capsaicin-induced F-actin redistribution, while PD98059 and ML-7 alone had no effect on F-actin organization. Incubation with cytochalasin B (CytoB, 20 mmol/l for 30 min) or Ca 2+ -free medium were used as positive controls. Each image is a representative of three separate experiments in duplicate.
superfamily, enhances epithelial paracellular permeability in the mammary cell line HC11 (Reiter et al., 2006) . Here, we provided new evidence that activation of TRPV1 increased paracellular permeability in SMG-C6 cells, as characterized by a rapid decrease in TER and a significant increase in paracellular flux of Trypan Blue and FITC-dextran. In currently accepted models of saliva secretion, the active transcellular Cl 2 accompanied with paracellular Na + transport is the primary driving force for fluid and electrolyte secretion by acinar cells. Since the apical Cl 2 channel is Ca 2+ -dependent, and activation of TRPV1 elevates [Ca 2+ ] i , many studies have reported that TRPV1 activates Cl 2 channels in various epithelial cells (Lee et al., 2005; Auzanneau et al., 2008) . Therefore, whether TRPV1 activation could trigger an increase in Cl 2 movement through the opening of Ca 2+ -dependent Cl 2 channels in salivary epithelium needs to be further investigated.
Overexpression of occludin in MDCK II monolayers increases TER as well as paracellular flux, implying its involvement in the function of the tight-junction barrier (Balda et al., 1996) . Although occludin knockout mice had physiologically and structurally normal tight junctions, they still displayed numerous epithelial or endothelial abnormalities, such as chronic gastric inflammation and hyperplasia, calcification in the brain, testicular atrophy and dysfunction of the salivary gland (Saitou et al., 2000) . Several studies have described that exposure of intestinal cells to cytokines, bacteria, toxins and viruses results in a disruption of tight-junction structure and leads to endocytosis of occludin, together with decreases in TER and increases in paracellular permeability (Yu and Turner, 2008; Coyne et al., 2007; Liu et al., 2009 ). Remarkably, a recent study showed that overexpression of occludin enhances, and occludin knockdown declines, cytokine-induced increased TER and decreased permeability of large solutes (Van Itallie et al., 2010) . Although the results seems not to be completely consistent with the previously report by Balda et al., they have still provided clear evidence that occludin plays an indispensable part in determining barrier function (Balda et al., 1996) . However, up to now, limited data was available on the significance of occludin in salivary epithelium. In the rat parotid gland epithelial cell line Pa-4, occludin acts as a pivotal molecule in oncogenic Raf-1-induced disruption of tight-junction barriers (Li and Mrsny, 2000) . Mutation of occludin disrupts tight-junction structure and barrier function in murine SMG carcinoma cells (Bamforth et al., 1999) . Alteration of the expression and localization of occludin has been shown in the labial salivary glands from Sjőgren's syndrome patients (Ewert et al., 2010) . These studies indicated that occludin might play a crucial role in salivary epithelium. In the present study, we provided additional evidence that knockdown of occludin, but not claudin-3, resulted in a significant drop in TER, and occludin 'rescue' restored paracellular permeability in SMG-C6 cells, suggesting a critical requirement of occludin in forming the tight-junction barrier of submandibular cells. However, occludin knockdown only partially reversed the capsaicin-induced decrease in TER values, so there could be other synergistic or distinct factors that regulate paracellular permeability following TRPV1 activation. For example, the modulation of apical Ca 2+ -dependent Cl 2 as mentioned above, could also influence solute transport through the paracellular route. Thus, more evidence should be provided in the future to support our hypothesis.
The abnormal redistribution of occludin from the cell membrane into the cytoplasm triggered by various stimuli is a common feature of tight-junction injury and is closely associated with physiological barrier disruption (Shifflett et al., 2005; Van Itallie et al., 2010) . Here, we showed that TRPV1 activation caused redistribution of occludin from the cell membrane, but did not affect the continuity of claudin-3, claudin-4, E-cadherin or bcatenin. Moreover, knockdown of occludin abolished, and reexpression of occludin recovered, capsaicin-induced decreased TER. These data demonstrated occludin, rather than claudin-3, claudin-4, E-cadherin and b-catenin, plays a crucial role in capsaicin-modulated the tight-junction barrier in SMG-C6 cells.
In the previous study, we found that activation of TRPV1 upregulates expression of ZO-1, claudin-3 and 211 in rabbit SMG tissues (Cong et al., 2012) . However, in the present study, the distribution of claudin-3 in rat SMG cells was unaffected by capsaicin. An explanation for the discrepant results might be the different tight-junction expression patterns of the two species. Another possible reason is that the present work showed only a short-term effect of capsaicin on claudin-3 distribution. Therefore, more efforts should be made to fully understand the effect of TRPV1 activation on each tight-junction component in salivary epithelium in various species and conditions. We next explored the signaling pathway linking TRPV1 activation to occludin. Many studies revealed that MAPK activation in response to various factors is involved in modulation of tight junctions. Ouabain induces activation of ERK1/2, p38MAPK and JNK to cause redistribution of occludin, together with a concomitant drop in TER in MDCK cells (Contreras et al., 1999) . In epithelial cells expressing constitutively active Ras or Raf-1, subsequent ERK1/2 activation causes a breakdown of tight junctions (Li and Mrsny, 2000) . In acetaldehyde-treated Caco-2 cells, activation of ERK1/2, but not p38MAPK or JNK is involved in the EGFmediated tight-junction disruption (Samak et al., 2011) . These data indicated that MAPK plays an important role in the modulation of the tight-junction barrier in epithelia, but the specific member of MAPK family involved in the regulation of tight-junction function may vary in different cells and with different stimuli. In the present study, we found that TRPV1 activation by capsaicin increased phosphorylation of ERK1/2, but not p38MAPK and JNK, suggesting that ERK1/2 is the specific signaling target for TRPV1in the conduction of intracellular signals. Furthermore, by using the ERK1/2 pharmacological inhibitor PD98059, as well as ERK1/2 siRNA, which showed higher inhibitory effectiveness than the inhibitor, the capsaicininduced decrease in TER and occludin redistribution disappeared, further confirming that ERK1/2 plays a crucial role in the TRPV1-modulated paracellular permeability and occludin distribution.
Previous studies showed that tight-junction opening triggered by TNF-a, interferon (IFN)-c or bile acids involves the phosphorylation of MLC2 (Zolotarevsky et al., 2002; Araki et al., 2005) . In tubular epithelia, MLC2 is the downstream molecule modulated by ERK1/2, thereby mediating the TNF-ainduced increase in paracellular permeability (Kakiashvili et al., 2009; Waheed et al., 2010) . In our present study, we found that the capsaicin-activated ERK1/2 could phosphorylate MLC2 and then affect the tight-junction barrier of SMG-C6 cells, indicating that MLC2 was also involved in the TRPV1-modulated tightjunction function.
The organization of the cytoskeletal F-actin contributes to tight-junction formation and function. MLC2 is considered to be one of the most common upstream kinases that regulate F-actin organization (Hecht et al., 1996; Bruewer et al., 2004; Shen et al., 2006) . However, whether F-actin organization is involved in the TRPV1-modulated tight-junction barrier was unclear. We showed that TRPV1 activation caused reorganization of Factin, and this effect was blocked by either PD98059 or ML-7, indicating that capsaicin induced F-actin reorganization in an ERK1/2-and MLC2-dependent manner. CytoB, a microfilamentdisrupting agent, almost completely disrupted the expression of occludin at the membrane, which indicated that an intact F-actin organization was essential to maintain normal occludin distribution. Moreover, we observed that capsaicin-increased peripheral F-actin was reorganized very close to the cell-cell junctions. Therefore, we speculated that TRPV1-modulated Factin organization might result in an enhanced interaction between F-actin and tight junctions and thereby drew one or some tight junction components into the cellular compartment followed by an opening of the paracellular transport.
In summary, we provided the first evidence that occludin not only plays a crucial role in regulating the tight-junction barrier of SMG-C6 cells, but is required for TRPV1-mediated increased paracellular permeability. We also showed that ERK1/2 signaling mediates TRPV1-modulated paracellular permeability and occludin distribution by activating the downstream MLC2 and reorganizing cytoskeletal F-actin. These findings will assist in further elucidating the significance of occludin in submandibular epithelial cells, and enriching our understanding of the mechanism involved in TRPV1-induced salivation.
Capsaicin, CPZ, Trypan Blue, PD98059, ML-7, CytoB, DMSO and FITC-labeled phalloidin were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). The Ca 2+ -sensitive indicator Fluo-3/AM was purchased from Biotium (Hayward, CA, USA). Antibodies to TRPV1, p-ERK1/2, ERK1/2, p-p38MAPK, p38MAPK, p-JNK, JNK, b-catenin, and actin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies to occludin, Alexa-FluorH-594-conjugated occludin, claudin-3 and claudin-4 were from Zymed/Invitrogen (Carlsbad, CA, USA). The antibody to E-cadherin was from Bioworld Technology (Minneapolis, MN, USA). Antibodies to p-MLC2 and MLC2 were from Cell Signaling Technology (Beverly, MA, USA).
Cell culture
The rat SMG cell line SMG-C6 (a kind gift from Dr David O. Quissell) was routinely grown at 37˚C in a humidified 5% CO 2 atmosphere in DMEM/F12 (1:1 mixture) containing 2.5% fetal bovine serum, 5 mg/ml transferrin, 1.1 mmol/l hydrocortisone, 0.1 mmol/l retinoic acid, 2 nmol/l thyronine T 3 , 5 mg/ml insulin, 80 ng/ml epidermal growth factor, 50 mg/ml gentamicin sulfate, 5 mmol/l glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin (Quissell et al., 1997) . All constituents used in culturing SMG-C6 cells were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Total RNA extraction and RT-PCR
Total RNA extraction and reverse transcription were performed as previously reported (Zhang et al., 2006) . Briefly, total RNA was extracted with Trizol (Invitrogen, CA, USA) according to the manufacturer's instructions. cDNA was prepared from 4 mg of total RNA with M-MLV reverse transcriptase (Promega, WI, USA). The primer sequences for rat TRPV1 and tight-junction components are listed in supplementary material Table S1 . The products were separated by electrophoresis on a 1.5% agarose gel, and DNA bands were visualized by staining with ethidium bromide.
Western blot analysis
The cultured cells were homogenized with lysis buffer (containing 50 mmol/l TrisHCl, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l phenylmethylsulfonyl fluoride, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxycholate, pH 7.2) using a polytron homogenizer as previously described (Shi et al., 2010) . The homogenate was centrifuged at 1000 g for 10 min at 4˚C, and the protein concentration of the supernatant was measured using the Bradford method. Equal amounts of proteins (40 mg) were separated using 9% SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk for 1 hour at room temperature, probed with primary antibodies at 4˚C overnight, and then incubated with horseradish-peroxidase-conjugated secondary antibodies. Immunoreactive bands were visualized with enhanced chemiluminescence (Pierce, IL, USA). The densities of bands were quantified with the ImageJ Software (National Institutes of Health, MD, USA). Actin was used as a loading control for standardization of blots.
Immunofluorescence staining
The SMG-C6 cells were plated on coverslips and fixed in 4% paraformaldehyde for 10 min. Following incubation with 1% BSA for 30 min at room temperature, the cells were stained with FITC-labeled phalloidin or FITC-labeled phalloidin plus Alexa-FluorH-594-conjugated occludin for 2 hours at 37˚C. The cells were also stained with antibodies for TRPV1, occludin, claudin-3, claudin-4, b-catenin or E-cadherin at 4˚C overnight, and then incubated with Alexa-FluorH-594-conjugated secondary antibodies (Molecular Probes, OR, USA), or Alexa-FluorH-488-conjugated secondary antibodies plus Alexa-FluorH-594-conjugated occludin for double staining, for 2 hours at 37˚C. Fluorescence images were captured using a confocal microscope (Leica TCS SP5, Wetzlar, Germany).
Immunoprecipitation
The SMG-C6 cells were stimulated with 10 mmol/l capsaicin for 10 min and total cell lysate was obtained. Immunoprecipitation was carried out by incubation with TRPV1 antibody and protein A/G beads overnight at 4˚C. The beads were washed three times with lysis buffer and eluted with SDS-PAGE loading buffer. The proteins were separated using 9% SDS-PAGE and used for western blotting.
Preparation of cytoplasm and membrane fractions
Cytoplasm and membrane fractions were prepared as described previously (Kawedia et al., 2008) . Briefly, cells were lysed in ice-cold 0.5% Triton X-100, 100 mM NaCl, 10 mM Tris-HCl (pH 7.4), and 300 mM sucrose for 20 min at 4˚C. Then the detergent-soluble (cytoplasm fraction) protein was removed and the remaining insoluble residue was again lysed (membrane fraction) in 50 mM Tris (pH 6.8), 2% SDS and 10% glycerol. Costar, USA) for 5-7 days. TER was measured at 37˚C using an epithelial volt ohm meter (EVOM; WPI, FL, USA) as described previously . The background value of the blank filter (90 V) was subtracted, and all measurements were performed on a minimum of three wells. Trypan Blue was used as a paracellular tracer for non-selective monolayer permeability as performed previously (Sáenz-Morales et al., 2009; Strober, 2001) . In brief, a cell monolayer was incubated for 15 min at 37˚C with 0.04% Trypan Blue in the upper chamber. The amount of Trypan Blue contained in the medium of lower chamber was determined by spectrometry at 595 nm, and was represented as Trypan Blue influx rate (mg/min). The 4 kDa FITC-dextran was added apically, and samples were collected from the basal sides, 10 min after 10 mmol/l capsaicin treatment. Using a fluorometer (BioTek, VT, USA), the apparent permeability coefficient (P app ) was calculated as the increase in the amount of tracer per time per filter area (Rosenthal et al., 2010) .
The [Ca 2+ ] i was measured as previously described (Burchiel et al., 2000) . Briefly, SMG-C6 cells were harvested from plates using trypsin, centrifuged, and resuspended in tubes at ,10 6 cells/200 ml in culture medium. Cells were loaded with the Ca 2+ -sensitive fluorescent probe Fluo-3/AM (4 mmol/l) at 37˚C in a CO 2 incubator for 60 min. After laser excitation at 488 nm the intensity of Fluo-3 fluorescence in the 30,000 harvested cells was analyzed on a FACSCalibur flow cytometer (BD Immunocytometry Systems, CA, USA). The traces shown are representative of at least three different cell preparations.
Knockdown of ERK1/2, occludin or claudin-3 SMG-C6 cells were cultured to 80% confluency and transfected with the siRNA or shRNA of interest using a MegeTran 1.0 (Origene, MD, USA) according to the manufacturer's instructions. The potent rat ERK1/2 siRNA sequence 59-GACCGGAUGUUAACCUUUAUUtt-39 and non-specific control were synthesized by GeneChem (Shanghai, China). For knockdown of occludin and claudin-3, shRNA constructs against rat occludin 59-CTGTATTCGCCTGCGTG-GCTTCCACACTT-39, claudin-3 59-CTCTCATCGTGGTGTCTATCCTACTGG-CA-39 and scrambled control were constructed in pGFP-V-RS vectors and synthesized by Origene Technologies (Origene, MD, USA). The cells were collected or fixed at least 24 hours after transfection.
Re-expression of occludin
Occludin re-expression ('rescue') was performed by generating a GFP-tagged cDNA clone of occludin in a pCMV6 vector (Origene, MD, USA). Plasmid transfection was carried out with MegeTran 1.0 (Origene, MD, USA) and the ratio of transfection reagent to DNA was 3:1 as described in the manufacturer's instructions. At 24 hours post-transfection, the cells were collected or used for experiments.
Statistical analysis
Data are presented as means 6 s.d. Statistical analyses between multiple groups were performed by one-way ANOVA and followed by Bonferroni's test using GraphPad software (GraphPad Prism, CA, USA). P,0.05 was considered significant.
